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N-Time-Gate Data-Type for TPSF-Based Optical Imaging 



TECHNICAL FIELD 

This invention relates to the field of temporal point 
5 spread function (TPSF) based imaging in which objects which 
diffuse light, such as some human body tissues, are imaged 
using signals resulting from the injection of light into 
the object and detection of the diffusion of the light in 
the object at a number of positions while gathering TPSF- 
10 based data to obtain information beyond simple attenuation 
such as scattering and absorption. More particularly, the 
present invention relates to a specific data-type, N-time- 
gate, which can be obtained from TPSF-based data. 

BACKGROUND OF THE INVENTION 

15 Time-domain optical medical imaging shows great promise as 
a technique for imaging breast tissue, as well as the brain 
and other body parts. The principle of the technique lies 
in the analysis of the temporal point spread function 
(TPSF) of an injected pulse of light which is diffused in 

20 an object of interest (001), and in . the extraction of 
information from the TPSF to construct a medically useful 
image. 

Specific types of data extracted from the TPSF are known as 
1 Data- types 1 . For example, 'early time-gated attenuation 1 

25 is a Data-type that can be extracted from the TPSF which 
improves the image spatial resolution over previous 
continuous . wave methods. However, it is unclear whether 
such improvements in image spatial resolution are adequate 
for diagnosing certain diseases, such as breast cancer, 

30 based on morphology. 
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An alternative approach is to use the TPSF to . decouple the 
light attenuation into absorption and scattering 
components. This extra information, which cannot be 
obtained from continuous wave methods, may be clinically 
5 useful. In order to achieve this it is necessary to extract 
appropriate Data-types from the TPSF. Researchers, in the 
time-domain field, have looked at data-types such as the 
meantime and higher moments of the TPSF. Whilst data- types 
for TPSF-based data acquired in the frequency domain have 
10 included phase-shift, and amplitude. 

There are several techniques for measuring the TPSF arising 
from a light pulse that has traveled through an 001 such as 
breast tissue. Certainly the most complete time-domain 
information one can acquire is to measure the complete 
15 TPSF. This TPSF-based information, can also be acquired in 
the frequency domain, although current hardware limitations 
mean that time-domain hardware is capable of acquiring 
information over a larger bandwidth than its frequency 
domain counterpart 

20 However, acquiring the complete TPSF has implications in 
terms of long acquisition times for clinical systems, plus 
long data-processing for image reconstruction algorithms. 

It would therefore be desirable to provide methods 
overcoming the limitations of the prior art. 

25 SUMMARY OF THE INVENTION 

For the purpose of image construction, the entire TPSF 
derived from a pulse of light can be used. The streak 
camera has commonly been used for this purpose. However the 
detection surface of a streak camera may be limited. Time- 
3 0 gated cameras such as intensified charge coupled device 
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(ICCD) typically have greater detection surface areas but 
acquisition of complete TPSF's using these camera may be 
time consuming. 

It is therefore an object of the present invention to 
5 provide a method and apparatus for TPSF-based imaging of an 
object in which acquisition times are reduced while still 
extracting a sufficient amount of desired information from 
the TPSF of a collected optical signal to be used in 
producing an optical image. 

10 According to a broad aspect of the invention this objective 
is achieved by detecting selected- intervals, or N-time- 
gates, of a TPSF. The detection of the selected time -gates 
is effected using time-gated detection techniques and 
cameras. 

15 In a further aspect of the invention, the acquisition time 
is substantially reduced by simultaneously detecting 
selected time gates of a TPSF. 

Thus in one aspect of the present invention there is 
provided a method for simultaneously detecting N-time-gates 
Data-type of a TPSF of a collected optical signal, the 
method comprising pulsing the object with a light pulse 
delivered at one or more injection ports, collecting a 
plurality of optical signals based TPSF's at collection 
ports, introducing delays in propagation of the optical 
signals to produce staggered TPSF-s and simultaneously 
detecting selected time-gates. 



20 



25 



In an embodiment of the invention the delays in the 

propagation of the optical signals are provided by using 

optical fibers of different lengths to collect the optical 
30 signals. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Further features and advantages of the present invention 
will become apparent from the following detailed 
description, taken in combination with the appended 
5 drawings, in which: 

Fig. 1 is a diagram showing an embodiment of the system 
used to generate a pulse of light and to produce a TPSF 
after injection of the light in an object; 

Fig. 2 is a graphical representation of a TPSF showing 
10 arbitrarily defined time-gates; 

Fig. 3 is an example of a system that can be used to 
construct an optical image according to methods of the 
present invention; 

Fig. 4 is a schematic representation of an embodiment of 
15 the system used to simultaneously detect two or more time- 
gates; and 

Fig. 5 is a graphical representation of three staggered 
TPSF's. 

It will be noted that throughout the appended drawings, 
20 like features are identified by like reference numerals. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

In accordance with the present invention, there is provided 
a method and apparatus using a N-time-gate Data-Type for 
TPSF-based optical imaging. 

25 Figure 1 schematically represents the events giving rise to 
a TPSF. A pulse of light 2 is generated at a source 10 and 
injected in an 001 4 at injection port 14. The 001 may be a 
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body part such as a breast but it will be appreciated that 
the method and apparatus described herein can be applied to 
any suitable object. The light interacts with the medium by 
being absorbed and/or scattered and exits the 001 with an 
5 attenuated intensity. The exiting attenuated light can be 
collected at collection port 18 as a function of time to 
produce the TPSF 6. The shape of the TPSF depends on the 
type of interactions that occurred between the light and 
the medium. Images may .be constructed by extracting 
10 appropriate Data-types from the TPSF and by inputting them 
to an appropriate inversion image reconstruction algorithm, 
i.e." one which forward models the data embedded within a 
minimization inversion loop. 

In one embodiment, the present invention provides a method 
15 for detecting only selected intervals of a .TPSF. In Figure 
2 it can be seen that a TPSF can be subdivided in n 
arbitrary intervals 8 which will be referred to as time- 
gates (tg) hereinafter. Therefore one can consider a 
complete TPSF as being constructed from many individual 
20 time-gate signals. The actual time points that defines the 
beginning and the end of a time-gate are preferably 
determined relative to the time, t Q , at which the light 
pulse is injected into the object. By detecting the signal 
of sequential time-gates using time gated detection 
25 techniques and cameras such as, but riot limited to, a 
time-gated intensified charge coupled device (ICCD) , it is 
possible to. acquire the complete TPSF. However, acquisition 
of a complete TPSF in this manner requires long acquisition 
times which will be proportional to the number of time- 
gates acquired. In one aspect of the present invention the 
image may be constructed by acquiring only certain time- 
gates. As a result the acquisition time is greatly reduced. 
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The selection of the time-gates relative to t G that will be 



characteristics of the object such as the thickness and the 
anticipated optical properties . In the absence of prior 
5 knowledge about the anticipated optical properties of the 
object, a complete TPSF could be obtained and be used for 
future selection the time-gates. 

An embodiment of the system that can be used to perform the 
method of the instant invention is schematically 

10 represented in Figure 3. The pulsed light source 10 has an 
output optically coupled via a switch 12 to one or a 
plurality of injection ports 14 of a support. The 
injections port are preferably positioned at a number of 
fixed positions over the imaging area although the 

15 injection ports may alternatively be moveable over the body 
surface, provided that the body part 16 being imaged is 
immobilized. As is known in the art the injection and 
collection ports may directly contact the body or a 
coupling medium may be used between the body and the 

20 injection/collection ports. In Figure 3, the collection 
ports 18 and support are . arranged in transmission mode for 
breast imaging. However, it is also possible to have an 
injection ports/object /collect ion ports geometry such that 
the collection ports are on the same surface as the 

25 injection ports. The light source may be a polychromatic 
source or a monochromatic source such as a laser. The 
pulses preferably have a duration of about 1 to 100 
picoseconds and an average power of 100 mW. 

The collected optical signals may be communicated by one or 
30 more waveguides 20 such as 4 00/440 micron graded index 
multimode optical fibers to one or more detection positions 



used to construct an image may be based on the 



<TB fiSCTPBT! ITS CWPPT 



15186-23PCT JA/LB 

0 » SEPTEMBER (o y • 0 9 . 

of a time gated detector 22 such as an ICCD camera, for 
example a PicoStar camera by LaVision. 

A large number of. pulses may be injected and their 
corresponding camera signals detected and processed by 
5 imaging computer 24 to determine the value of at least one 
time gate and, in the case of simultaneous detection, two 
or more selected time gates of a TPSF. Such data are 
gathered for a sufficiently large number of detecting port 
positions to construct an image of the object. The 
resulting image can be displayed on a monitor 26 or a hard 
copy can be obtained at 28. 



10 
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It will be appreciated that the relative positions of the 
injectors and detectors may be modified as needed to 
optimize the quality of the image. Thus different 
15 geometries of the injection ports/collection ports/object 
assembly may be used, for example by placing collection 
ports either proximally or distally or a combination of 
both, depending on several factors such as, the thickness 
of the object, the nature of the medium comprising the 
object. The value for each pixel or voxel of an image 
generated from the data collected according to the present 
invention will benefit from a plurality of source detector 
locations with respect to the position of the pixel or 
voxel, as well as a plurality of time-gates. 

25 In an aspect of the present invention the acquisition time 
can be further reduced by simultaneously detecting a 
desired number of time-gates of one or more TPSF's, This 
can be achieved by collecting the light signal exiting from 
the 001 at several (m) locations. Temporal delays are then 

3 0 introduced in the propagation of these optical signals such 
that the m TPSF's reach the time-gated detector in a 
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staggered manner. Therefore, using a time-gated camera, it 
is possible to simultaneously detect m different time-gates 
of the TPSF's. 

This embodiment of the invention will be better understood 
5 with reference to Figures 4 and 5. In Figure 4 a schematic 
diagram of a possible arrangement of a system used to 
simultaneously detect m time gates is depicted. In this 
embodiment optical fibers 3 0 are used to collect and 
channel the light exiting the 001 4 to a time-gated 

10 detector 32. The fibers are of different lengths and 
therefore the time required for the optical signal to 
travel from' the collecting point to the detection point at 
the detector is different for each fiber thus introducing 
delays in the propagation of the optical signal. Each 

15 fiber, or bundle of fibers, is coupled to a different 
detection position 34 at the detector. Consequently, the 
time required for a particular time gate, tg, to reach the 
detection position in the detector will depend on the 
length of the fiber through which it is propagated. Figure 

20 5 is a graphic representation of three staggered TPSF's 
propagated by three different optical fibers Fl, F2, and F3 
having different lengths with length of Fl> length of F2> 
length of F3 . It can be appreciated that a given time-gate, 
say tg3, reaches the detector at a different time depending 

25 on whether it is propagated by Fl, F2 or F3 . Now if the 
detector is time-gated to detect only the signal during the 
interval defined by tl and t2, different time-gates will 
be detected for each fiber. In our example tgr3, tg5, and 
tgl are simultaneously detected. It can be seen that the 

30 number of time gates that can be detected simultaneously is 
equal to ' the number of fibers. The fibers can be bundled 
within a defined area of a given detector and provide the 
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desired time-gates simultaneously with one 'snapshot 1 .of 
the time-gated camera. This leads to a decrease in the 
acquisition time by a factor of approximately n compared -to 
serially acquired time-gates. 

5 It will be appreciated that the length of the fibers can be 
selected to detect the desired time gates (or the desired 
sections of the TPSF) . To refer to our example, if one 
wanted to simultaneously detect tg7, tg5 and tgl, the 
length of Fl could be increased accordingly. However, it 

10 will also be appreciated that the simultaneous detection of 
the desired time-gates can be effected by directing each 
fiber to a different detector and by adjusting the time 
gate of * each detector so as to detect one of the desired 
time gate. Typically, an increase of 11 'cm in fiber length 

15 will induce a time delay of about 500 ps . 

The delays in the propagation of the optical signals may 
also be introduced by using variable delay optical 
waveguides that are well known in the art. 



It will be appreciated that the signal to noise ratio (SNR) 
may limit the number of fibers and thus the number of time 
gates that can be simultaneously detected. In practice, it 
is a decision between how many detector positions are 
required, the number of time-gates simultaneously required 
and the total number of fibers which can be packed onto the 
25 gated camera. Referring back to Figure 4, it will be 
further appreciated that if the fibers or the fiber bundles 
35 are sufficiently close together, the TPSF's may be 
substantially identical. 



30 



The embodiment (s) of the invention described above is (are) 
intended to be exemplary only. The scope of the invention 
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is therefore intended to be limited solely by the scope of 
the appended claims. 
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I /WE CLAIM: 

1. A method for optical imaging of a light scattering 
object, the method comprising steps of; 

i) injecting a pulse of light at an injection port 
into said object at a time t„; 

ii) collecting at a collection port light from said 
object to provide an optical signal based temporal 
point spread function (TPSF) ; and 

iii) detecting one or more selected time-gates of 
said TPSF to provide information to be used in 
producing an optical image of said light 
scattering object. 

2. The method as claimed in claim 1 wherein said light 
from said object is collected at two or more 
locations to provide a plurality of optical signal 
based TPSF's; wherein desired temporal delays are 
introduced in propagation of the optical signals to 
produce time-delayed TPSF's and wherein each of said 
selected time-gates is obtained from a different 
time-delayed TPSF and wherein all of said ' selected 
time-gates are simultaneously detected. 

I. The method as claimed in claim 2 wherein said two or 
more locations are proximal and said TPSF's are 
substantially identical. 



4. 



The method as claimed in anyone of claim 1 to 3 
wherein said time -gates span a time interval defined 
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by an initial time and a final time which are set 
relative to t Q . 

5. The method as claimed in claim 4 wherein said 
selected time gates are used for a plurality of 
injection port /object /detector port geometries. 

6. The method as claimed in anyone of claim 1-5 wherein 
said time-gates are selected based on one or more 
optical properties of said object. 

7. The method as claimed in anyone of claim 4 or 5 
wherein said initial time and said final time of said 
selected time -gates are estimated based on one or 
more optical properties of said object that influence 
propagation of said light within said object. 

8. The method according to claim 7 wherein said one or' 
more properties comprise thickness of said object. 

9. The method as claimed in anyone of claims 1-8 wherein 
said step of detecting is performed using a time- 
gated detector. 



The method as claimed in anyone of" claim 2-8 wherein 
the two or more time -gates are simultaneously 
detected at two or more time -gated detectors having a 
synchronized acquisition time gate. 

11. The method as claimed in anyone of claim 2 to 9 
wherein the step of simultaneously detecting 
comprises detecting said selected time -gates using a 
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time -gated detector comprising a 2 -dimensional array 
of pixels. 

12. The method as claimed in anyone of claim 9-10 wherein 
the time-gated detector is an ICCD camera. 

13 . The method as claimed in anyone of claim 1 to 12 
wherein the collecting of the light is achieved by 
providing one or more optical fibers. 

14. The method as claimed in claim 13 further comprising 
adjusting fibers length to introduce the desired 
delays. 

15. The method as claimed in claim 14 wherein the fibers 
are grouped together into one or more bundles. 

16. The method according to • claim 15 wherein each fiber, 
in the one or more bundles is directed to a distinct 
detection position of the time-gated detector or to a 
distinct time-gated detector. 

17. The method as claimed in claim 16 wherein the one or 
more bundles are spatially localized such as to 
collect light from one or more desired areas of said 
object. 



18. 



The method as claimed in claim 17 wherein the one or 
more bundles are coupled to one or more time -gated 
detectors . 
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19. A system for optical imaging of a light scattering 
object the system comprising: 

i) at least one light injection port; 

ii) light collecting means to collect light from 
said object at one or more locations to provide 
one or more optical signal based temporal point 
spread functions; 

iii) one or more time-gated detectors. 

20. The system according to claim 19 further comprising 
means for introducing temporal delays in propagation 
of said optical signals. 

21. The system as claimed in claim 20 wherein the light 
collecting means are optical fibers. 

22. The system as claimed in claim 21 wherein the optical 
fibers are also the means to delay the propagation of 
the optical signals whereby the delay is provided by 
having optical fibers .of different lengths. 
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ABSTRACT OF THE DISCLOSURE 

There is provided a method and system for optical 
imaging of a light scattering object. The method comprises 
the detection of one or more time-gates of a temporal 
5 points spread function (TPSF) to be used to construct an 
image. The method also comprises the simultaneous detection 
of two or more selected time-gates using a time-gated 
camera. The method enable more efficient spatial -temporal 
acquisition of optical signals for imaging purposes. 
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